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Abstract
A suggested explanation for the observed differences in chemical abundances in binary
stars has been planet formation (e.g. Tucci Maia et al. 2014). If a star hosts a planet, the
planet may have depleted the protoplanetary disc in volatiles and refractories. Assuming
that the star accretes the remaining protoplanetary disc (neglecting photoevaporation), the
depletion of the disc may alter the chemical composition of the star (post-protoplanetary
disc-phase).
We extend the Bitsch et al. (2015a)-disc model to include chemical species like CO, CO2,
H2O, carbon grains and MgSiO3. The mass of these molecules accreted by the planet is
subtracted from the disc, altering the composition of the disc and consequently the final
stellar abundance. The change in stellar abundance is calculated, using solar abundance
as reference.
By simluations of gas giants and super Earths we are able to get some indications on how
the initial formation position and accretion of the planet alters the stellar abundance. For
the super Earth we see a trend of ∆[Si/H]/∆[O/H] ě 3 if the planet forms within the
water ice line.
We also try to reproduce the observations of the 16 Cygni system (Tucci Maia et al. 2014)
where the B component is observed to host a planet. We also investigate the sensitivity
of the dust to pebble ratio and the α-viscosity in the disc, using the Ida et al. (2016)-disc
model for the viscosity. Using Ida et al. provides an example on how the results depend
on the disc model. We are able to reproduce the observations of ∆[O/H] and ∆[Si/H], and
our results indicate that the 16 Cygni Bb planet has underwent scattering to arrive to its
current position.
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Popula¨rvetenskaplig beskrivning
Det finns na¨stintill oa¨ndligt m˚anga stja¨rnor i universum. Mycket information om stja¨rnorna
- deras a˚lder, temperatur, fa¨rg - kan vi f˚a svar p˚a genom deras kemiska uppsa¨ttning, det
vill sa¨ga vad de best˚ar av. Det kan dock vara sv˚art att lista ut vad stja¨rnorna faktiskt
inneh˚aller, eftersom vi inte kan a˚ka till dem och kolla. Astronomer har lo¨st detta genom att
studera ljuset ifr˚an stja¨rnor, d˚a ljuset a¨r som stja¨rnans fingeravtryck, da¨r all information
om olika a¨mnen finns.
Bina¨ra stja¨rnor a¨r tv˚a stja¨rnor som roterar kring varandra, vilket va¨ldigt ofta fo¨rekommer
i universum. Eftersom bina¨ra stja¨rnor skapas fr˚an samma materia och borde da¨rfo¨r, precis
som tvillingar, ha identiska fingeravtryck. Observationer har dock visat att fingeravtrycket
hos bina¨ra stja¨rnor faktiskt kan skilja sig a˚t. En fo¨rklaring till detta fenomen skulle kunna
vara att en av stja¨rnorna har en planet omkring sig som har bildats, samtidigt som de
b˚ada stja¨rnorna, med mer tunga a¨mnen a¨n vanligt. A¨mnen som annars skulle ha hamnat
i stja¨rnan har hamnat i planeten, vilket kan p˚averka stja¨rnans fingeravtryck.
Gemensamt fo¨r alla (hittills observareade) stja¨rnsystem a¨r att planeterna i systemet roterar
kring sin stja¨rna i en disk, som en tallrik, i na¨stan cirkula¨ra banor. Denna observation
gjorde Immanuel Kant och Pierre Simon de Laplace redan p˚a 1700-talet med hja¨lp av de,
d˚a, sex uppta¨ckta planeterna i v˚art solsystem. Observationen ledde till hypotesen om att
planeter skapas och formas i en disk-struktur kring stja¨rnan, vilket lade grunden till det
som idag a¨r de mest utvecklade modellerna vi har inom planetformation.
I ledning av protoplaneta¨ra disk-forskaren Bertram Bitsch, vid Lunds Universitet, har
en kod tagits fram som producerar en, s˚a kallad, protoplaneta¨r disk da¨r planetformation
kan simuleras. I detta projekt utvecklas koden till att inkludera kemiska a¨mnen, s˚a som
koldioxid och vatten, som planeten kan samla upp. Vilka a¨mnen och hur stor ma¨ngd
planeten samlar p˚a sig under sitt formationsstadie beror p˚a storleken och temperaturen i
disken – men ocks˚a p˚a var och na¨r i diskens utveckling som planeten formas. Allt material
i disken, som inte blir byggmaterial till planeten, antas absorberas av stja¨rnan. Na¨r det
st˚ar klart hur mycket av de olika a¨mnerna planeten har samlat upp, g˚ar det att ra¨kna ut
kvarvarande a¨mnen i disken. Dessa resta¨mnen samlas upp utav stja¨rnan. P˚a detta sa¨tt
kan vi se ifall planeten p˚averkar ma¨ngden a¨mnen i stja¨rnan s˚a pass mycket att det syns i
stja¨rnans fingeravtryck.
Genom att simulera olika slags planeter, alltifr˚an gasja¨ttar lika massiva som Jupiter, till
jordliknande stenplaneter, kan vi underso¨ka om och hur olika slags planeter p˚averkar fin-
geravtrycket. Detta kan fo¨rklara varfo¨r vissa bina¨ra stja¨rnor faktiskt inte a¨r s˚a identiska
som man tidigare trott, vilket bidrar till forskningen om hur stja¨rnor bildas och kan leda
till mer information om hur och var planeterna formas kring den nyfo¨dda stja¨rnan.
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Chapter 1
Introduction
Star formation is triggered by gravitational perturbations in interstellar clouds which are
rich in gas and dust. The perturbations cause the cloud to collapse inwards, resulting in
points with higher densities within the cloud. As the density increases, the pressure and
temperature increases as well, leading to runaway collapse. When temperature, density
and pressure are high enough in these points, so called protostars will form, eventually
evolving to stars.
During the collapse, the initial angular momentum of the cloud will cause rotations around
the dense points. Eventually the whole system will rotate. This rotation is also powered
by the asymmetry of the collapse. Due to the rotation, leftover material from the star-
forming region will assemble in a disc-structure around the newborn star. This so called
protoplanetary disc contains mainly hydrogen and helium, but heavier elements as well;
molecules condense and form solids, such as grain and dust at different positions. The
star will over time accrete the disc which causes the density and temperature of the disc
to drop. Eventually, the whole disc will fade away due to formation of heavier bodies,
accretion by the star and/or photoevaporation.
The majority of stars in the universe are part of binary systems (Prialink 2010). One can
make the assumption that stars in binary systems are created from the same interstellar
cloud which has a homogeneous chemical composition. If this assumption holds, then the
binary stars should have close to identical chemical composition as well.
The chemical composition of a star is determined by calculating abundances from spectral
lines. The most common way to measure the abundance of an element X in the star is as
a ratio to the hydrogen abundance H, normalized to the Sun,
[X/H] “ log10
ˆ
NX
NH
˙
star
´ log10
ˆ
NX
NH
˙
Sun
(1.1)
where NX and NH is the number of atoms per unit volume. From now on, NX{NH will be
denoted as {X/H}.
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Observations with high-quality spectra have found that there in fact can be significant
differences in the compositions of binary systems (e.g. Tucci Maia et al. 2014; Ramı´rez
et al. 2015). A possible explanation to these observations is that one of the stars (or both)
could host a planet. The planet could accrete heavier elements from the protoplanetary
disc, which would affect the amount of heavy elements accreted by the star, and the stellar
abundance. This is consistent with results from Mele´ndez et al. (2009) where the Sun is
found to be depleted in refractory elements compared to other solar-type stars.
In Tucci Maia et al. (2014) the chemical abundances in the 16 Cygni binary system were
measured with high precision. One of the component in the system hosts a 1.5 Jupiter
mass giant planet. Observations showed the metallicity to be 0.047 dex lower in the planet
hosting star. Similar values were found by Ramı´rez et al. (2011) as well. In Ramı´rez et al.
(2015) a 0.015 dex offset was observed for the XO-2 binary system, where both stars host
planets. All of the results mentioned here favor the idea of planet formation altering the
stellar metallicity. Though observations by Liu et al. (2014) of the HAT-P-1 binary shows
that even though one of the components is known to host a giant planet, the chemical
composition of both components are very similar. In this project we hope to give more
light into the situation by modeling planet growth and calculating abundance differences
in detail.
1.1 Disc properties
The disc evolves with time. The properties of the disc is dependent on several disc pa-
rameters, mainly the temperature, the aspect ratio, H{r , the α-viscosity and the surface
density Σ, which decreases with the radius of the disc r, figure 1.1.1.
0.1 1 10 100
r [AU]
1
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100
1000
lo
g 
 
[g/
cm
2 ]
Bitsch et al. 2015a
MMSN
Figure 1.1.1: The surface density Σ of the disc at 1 Myr plotted towards the radius r; Σ
drops with increased radius independent on the model.
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The α is a dimensionless parameter for the viscosity ν given from the mass flux 9M ,
9M “ 3piνΣ “ 3piαH2ΩKΣ (1.2)
where H is the scale hight and ΩK is the Keplerian rotation of the disc. This gives an
expression for the viscosity
ν “ αH2ΩK. (1.3)
The value of α is determined by simulations. If the value of α goes up, the density Σ goes
down to conserve 9M . Due to this, the α-viscosity is a very sensitive parameter, determining
the density and in turn the mass of the disc.
The most simple disc model (for the solar system) is the minimum mass solar nebula
model (MMSN). For the MMSN one assumes that all matter found in the solar system
today (expect for the Sun) constitute the solids in the protoplanetary disc. The gas is a
factor of 100 times the mass of the solids and a simple power law is fitted for the disc-
parameters. In Bitsch et al. (2015a) another model is considered. By considering that
the disc is heated by viscous- and stellar heating, bumps and dips in the disc-parameters
(mainly in the aspect ratio) occur. These bumps and dips are result of changes in opacity
in the disc, a feature which the MMSN model lack, see figure 1.1.1.
The disc structure depends significantly on the micrometer-sized dust grains in the disc
and the metallicity. The opacity of the dust affects the absorption and re-emission of
photons in the disc, which effects the heating of the disc. In Bitsch et al. (2015a), a 0.5
% metallicity is assumed for the dust. A 1:2 ratio is adopted for the metallicity in dust
grains and Z where Z is the fraction of solids, i.e metallicity, in the disc that can condense
into pebbles. Thus this is 1 %. A higher metallicity of pebbles increases the possibility for
creating gas giants (Bitsch et al. 2015b).
Protoplanetary disc lasts only for a few Myr (million years) (Hartmann et al. 1998; Ma-
majek 2009) during which planets can form. The protoplanetary disc dissipates through
photoevaporation and by accretion onto the star. Accretion of the disc is an ongoing pro-
cess during the evolution of the protoplanetary disc. Photoevaporation is mainly relevant
for the later stages of the disc, when the mass rate 9M is as small as 10´9 Md/yr. Photoe-
vaporation is the phenomenon where high energetic radiation ionizes gas. The ionization
process accelerates the particles in the gas which will dissipate away from the radiation
source (the star). The dissipation happens when the ionization energy exceeds the gravi-
tational pull. As the protoplanetary disc evolves, so does the star. When evolving from a
newly born star to a main sequence star, the star become more luminous and will photo-
evaporate the protoplanetary disc (Alexander et al. 2014). For this project it is assumed
that photoevaporation of the disc is negligible and that the disc lasts for 3 Myr.
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1.2 Planet formation
The earliest papers on planet formation go as far back as the 18th century with Kant (1777)
and Laplace (1769). The argument proposed by them was grounded in the observation
that the orbits of the planets in the solar system are nearly circular and coplanar. They
suggested that planet formation takes place in a flattened disc around the star. Today
more or less all planet formation models are based upon this observation.
There are different kinds of planets, recognised by their sizes and composition. In our solar
system Jupiter and Saturn are so called gas giants, they have a rocky core and a very large
gaseous envelope. The envelope consists mainly of hydrogen and helium, which are the
most abundant elements in the solar system (and in the Universe). Neptune and Uranus
are ice giants, smaller than the gas giants, but still massive. Their gaseous envelope consist
mainly of oxygen, nitrogen and carbon (Karttunen et al. 2007), the next most abundant
elements after hydrogen and helium. Rocky planets are planets where the silicate and
metal core is more massive than the gaseous envelope. In our solar system the smaller
planets are found closer to the Sun than the massive planets, though this is not a standard
appearance. Gas giants can be found very close to their hosts (closer than 1 AU), so called
’hot Jupiters’ (Mayor & Queloz 1995), otherwise called ’cold Jupiters’ (futher away than
1 AU).
1.2.1 Solid accretion
At the start of planet formation, small microscopic grains collide and grow by clinging on
to each other. The collection of grains grow to larger sizes and are known as ’pebbles’ at
around mm to cm sizes. The pebbles move radially due to gas drag, which might cause
gravitational collapse and the formation of so called ’planetesimals’ (Johansen et al. 2012).
Planetesimal keeps on growing by accretion and at around 1000 km we begin to call the
collection of solids ’planetary embryos’ or ’protoplanets’. It has been generally thought that
planetesimals grow by collisions to form planets in previous models (Kokubo & Ida 1998).
This is a time-consuming process however and the growth to planets can be rapidly speed
up with the inclusion of pebble accretion onto the planetesimals (Lambrechts & Johansen
2012; Lambrechts & Johansen 2014). For a more detailed picture of planet formation in
the disc used for this project, see Bitsch et al. (2015a).
1.2.2 The pebble isolation mass
The growth of the protoplanets by pebble accretion continues until the body reaches a
limit called the pebble isolation mass. To explain this phenomena one needs to consider
the velocities and the pressure in the disc. In order to be in a stable orbit around a massive
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object, a smaller object needs to have a Keplerian speed, defined as
vK “
c
GM
r
(1.4)
where G is the gravitational constant, M is the mass of the star, and r is the distance from
the star. The azimuthal velocities of the gas in the protoplanetary disc has been found to
be so called sub-Keplerian. The explanation for this is that the gas does not only feel the
gravitational pull inward, but also a supporting pressure outwards. The gas surface density
drops with the radius of the disc, see figure 1.1.1, which means that the gas pressure is
higher further in and the gas feels an outward pressure. Due to this pressure the inward
force of the gas decreases and the gas moves slower, with sub-Keplerian speeds.
The pebbles in the disc can be considered to fall towards the higher pressure, just as a
pebble being thrown on the Earth falls towards higher pressure. The pebbles migrate
inwards in the disc. If a planet in the disc is massive enough, then the gas pressure drops
at its position, meaning that the gas pressure in the disc outside the planet will be larger
than at the position of the planet. This halts the fall of the pebbles coming from the outer
disc, which has reached a maximum pressure and stops.
One could also explain this by solely considering the velocities. As the gas moves with the
sub-Keplerian speed, the pebbles, moving faster, will experience a head wind. As a result,
the pebbles will lose angular momentum and start to drift inward in the disc. The planet
pushes on the outer gas and exchanges angular momentum to the gas. The increase of
angular momentum in the gas increases its velocity, it becomes so called super-Keplerian
(Lambrechts et al. 2014), seen at around 1.1 r{rplanet in figure 1.2.1. Consequently, the peb-
bles experience a push and gain angular momentum which halters their inward drift.
Figure 1.2.1: Picture from Lambrechts et al. (2014). Alternations in the azimuthal gas
velocity (over the Keplerian velocity) due to a planet placed at r = 1. For planets with
a mass larger than 20 Earth masses the gas orbits faster than the Keplerian velocity at
a region outside the planet. This region halters the inward drift of pebbles and stops the
pebble accretion onto the planet.
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The pebble isolation mass Miso is expressed in terms of the semi major axis r as Lambrechts
et al. (2014)
Miso “ 20
ˆ
H{r
0.5
˙3
MC. (1.5)
which means that it is proportional to the aspect ratio. As a result, pebble isolation
is harder to attain at wider orbital separations. The pebble isolation mass works as a
divider between the gas- and ice giants. Ice giants do no reach pebble isolation mass before
the dissipation of the disc and thus never accrete a gaseous envelope (Lambrechts et al.
2014).
1.2.3 Gas accretion
Up until isolation mass, the main mass accretion onto the protoplanet has been accretion
of solids. During pebble accretion, the impacts heat the surface of the protoplanet which
causes condensation and a very low accretion of gases. Highly polluted gas can accrete and
create an envelope to the body; during pebble accretion, 10 % of mass accretion is counted
as gas, the remaining 90 % is counted as solids (Bitsch et al. 2015b).
When the pebble isolation mass is reached the protoplanet starts to contract its gaseous
envelope. The contraction phase continues as long as the mass of the envelope is less than
the mass of the protoplanetary core (from now on refereed to as the core), Menv ă Mcore.
During this process, gas is accreted onto the envelope and both the envelope mass Menv
as well as the total mass Mplanet increases. Piso & Youdin (2014) estimated the time-scale
of the contraction and found it to be a very long and slow process. If the process reaches
Menv “Mcore the contraction phase ends and rapid gas accretion starts. During this phase
the gaseous envelope of the planet grows in mass on extremely short time scales, shown by
hydrodynamical simulations (Machida et al. 2010).
1.3 Migration and ice lines
Planets must form within the lifetime of the disc, which means that in order to create
a giant, the core must reach pebble isolation mass quite early, in order to go through
the contraction and rapid gas accretion phases. Due to migration, planets can end up at
different positions from where they initially started to form. There are two main types of
planet migration, so called type I and type II. Low mass bodies which are still embedded
in the disc migrate with type I migration, whereas type II occurs for massive bodies which
have opened up a gap in the disc (Bitsch et al. 2015b). Type I migration depends on the
disc structure (surface density, temperature, viscosity and aspect ratio) whereas type II
migration solely depend on the viscosity. Type I migration is much faster than type II
migration and can also cause outward migration.
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All elements/molecules have specific ice lines where the temperature is cold enough for
volatile compounds such as H2O, CO2 etc, to condense into solid ice grains (Madhusudhan
et al. 2016). This can also be referred to as a condensation temperature Tcond. When
bodies migrate through the disc they eventually might pass one or more ice lines. The
chemical composition of planet cores and envelopes depends on where and when in the
protoplanetary disc the original bodies first formed and if they pass ice lines. When the
disc evolves, it cools and the various ice lines move closer towards the central star. Figure
1.3.1 illustrates this.
Figure 1.3.1: Figure from Madhusudhan et al. (2016). The protoplanetary disc tempera-
ture as a function of time and radius. The ice lines are indicated by white lines. Overplotted
are orbital distances of selected planets that represent the formation pathways of cold and
hot gas giants. Solid accretion is marked by a solid line and gas accretion by a dashed
line. The integration of planets that reach the inner edge stops when they reach 0.1 AU,
regardless of the total disc’s lifetime.
The aim of this project is to calculate the amount of CO, CO2, H2O, C (carbon grains),
MgSiO3 accreted onto protoplanetary cores and envelopes in order to calculate the abun-
dance differences for binary stars. This is done by simulations of planet formation around
a solar-type star using the Bitsch et al. (2015a) disc evolution model. The elements of
interest are chosen since they are easily measured and have been found to have a high
abundance in protoplanetary discs (Madhusudhan et al. 2014).
By extending the Bitsch et al. (2015a)-disc model to trace the elemental abundances we can
investigate how the species accrete onto forming planets. The change in stellar abundance,
if there is one, can be calculated. The presence of ice lines together with the changing
features of the protoplanetary disc and migration of bodies give rise to a variety of out-
comes. We hope to give an answer to whether planet formation can explain the differences
in abundance in binary stars or not.
7
Chapter 2
Method
In this project two different disc models are used, described in Bitsch et al. (2015a) and Ida
et al. (2016) respectively. The main difference between these two models are different power
gradients. The Bitsch et al.-model has a much steper temperature gradients, resulting in
a flatter surface density Σ, which slows down migration in the inner disc. The Ida et al.
model does not have a fixed viscosity, which for the Bitsch et al. model is fixed at α =
0.0054.
From now on the two disc models will be refereed to as ’the model’ since they are very
similar. The code for the model is written in FORTRAN 77. The evolution of the disc is
simulated by calculations of its temperature, surface density and aspect ratio for every given
time-step. In this time-loop a planet can be simulated in the disc at a starting position r0
[AU] and a starting time t0 [yr]. Mass is added to the planet in every time-step through
pebble- and gas accretion and the position of the planet is altered by migration.
The output of the code gives the final planetary mass [MC], core- and gas mass and the
final position of the planet rf [AU]. Growth tracks of planets initiated at 1 Myr and 2 Myr
can be seen in figure 2.0.1 where figure 2.0.1a and figure 2.0.1b have different initial times
t0. Here one sees that r0 and t0 effects the properties of the planet a lot. For calculations
of abundances, which will be described more thoroughly in this chapter, a script is written
in MATLAB R2016b.
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(a) Growth track of planets with t0 “ 1 Myr and different initial positions r0.
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(b) Growth track of planets with t0 “ 2 Myr and different initial positions r0.
Figure 2.0.1: Growth track of planets with different initial conditions r0 and t0.
In both figures the planet growth stops if it reaches 0.1 AU. The code is designed to stop
the simulations at this distance since the physics at this region is still very uncertain. The
disc most likely does not exist closer to the star due to magnetic fields.
To determine if the stellar abundance is altered by planet formation, one needs to know
how much of the chemical species in the disc, the star accretes. Depletion of chemical
species in the disc caused by planet formation, will effect the stellar abundance.
In the code accretion of solids and gases for every time step, 9Mcore and 9Mgas, is calculated.
During pebble accretion 90 % of the mass accreted is solid, remaining 10 % is gas. After
reaching the pebble isolation mass all mass accreted is in gaseous form. Depending on
where and when in the disc the planet is located, different species will be found in either
9
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solid or gaseous form. Even if the planet stays in situ it can pass ice lines; when the disc
evolves the temperature decreases inwards with time, resulting in inward movement of ice
lines (figure 1.3.1).
2.1 Abundances in star and disc
It is assumed that the star initially has solar abundances (Asplund et al. 2009), {O/H} =
4.9 ¨ 10´4; {C/H} = 2.7 ¨ 10´4 and {Si/H} = 3.2 ¨ 10´5. Naturally one could think that the
disc will as well have the same abundances as the star. This is true when one considers
the solids in the disc, but for the gas some adjustments have to be implemented.
In the star the abundances are given in relation to atomic hydrogen. Since the temperature
in the disc (ranging from a few degrees to «1500 K) is much lower than the temperature
of the star, the hydrogen found in the disc will be in molecular form H2. The molecular
weight of H2 is 2 g/mol and the solar abundances has to be multiplied by a factor of 2 to
be in the form of [X/H2].
Helium needs to be considered as well; the amount of helium in the Sun is given to [He/H]
= 0.085 (Asplund et al. 2009). To include molecular hydrogen we multiply by a factor of
2, [He/H2] = 0.17. This changes the solar abundances; in order to take into account the
abundance of helium, the other abundances must decrease and need to be divided by 1.17.
In table 2.1 the abundances for the star and for the disc has been summarized.
Table 2.1: Abundances used for star, solids and gas in protoplanetary disc.
{O/H} {C/H} {Si/H}
Star & Solids 4.9 ¨ 10´4 2.7 ¨ 10´4 3.2 ¨ 10´5
{O/H2} {C/H2} {Si/H2}
Gas in disc (2 ¨ 4.9 ¨ 10´4)/1.17 (2 ¨ 2.7 ¨ 10´4)/1.17 p2 ¨ 3.2 ¨ 10´5)/1.17
“ 8.4 ¨ 10´4 “ 4.6 ¨ 10´4 “ 5.5 ¨ 10´5
The elements we are interested in are C, O, and Si. These are bound into molecules in the
disc as CO, CO2, H2O, carbon grains and MgSiO3, according to the chemical model used
in this project, seen in table 2.2.
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Table 2.2: Condensation temperatures and volume mixing vX of the chemical species,
adopted from O¨berg et al. (2011).
Species (X) Tcond [K] vX
CO 20 0.65 ¨ [C/H]
CO2 70 0.15 ¨ [C/H]
H2O 150 [O/H] - (3 ¨ [Si/H] + [CO/H] + 2 ¨ [CO2/H])
C (carbon grains) 500 0.2 ¨ [C/H]
MgSiO3 (silicates) 1500 [Si/H]
To include these species in the in the disc model, a subroutine in the code was created.
The subroutine calculates the ratio of CO, CO2, H2O, C and MgSiO3 in the accreted mass,
in terms of solids and gas, 9Mcore and 9Mgas, for every time step.
2.2 Solid accretion by planet
In order to calculate how much mass of a species X (e.g CO, CO2, H2O, etc) that accretes
in every time-step, the ratio of X to all other species accreted is calculated. This ratio is
multiplied with 9Mcore in order to get the mass. By summation of the mass of X for every
time-step one obtains the amount of X as solid in the planet. If T ă Tcond(CO) the total
mass MX of a solid accreted in one time-step calculated by:
MX, core “ mX ¨ vXřpmX ¨ vXqall 9Mcore (2.1)
where vX volume mixing ratio of the species (table 2.2), mX [g/mol] is the molar mass of
the molecule. ’All’ includes all elements found in solids for the given temperature, which
for T ă Tcond(CO) represent all of the molecules. Note that for calculations of the volume
mixing ratio, the abundances for the disc is used since the planet is formed in the disc. In
other words, for the disc {X/H} = {X/H2}. The molar masses for the elements are: C =
12 g/mol, O = 16 g/mol and Si = 28 g/mol (Mg = 24.3 g/mol, giving MgSiO3 = 100.3
g/mol), e.g the molar mass of CO is 28 g/mol.
If the temperature in the disc T is less than the condensation temperature Tcond(CO) for
CO, then all species will be solid. If the planet is located in the disc where Tcond(CO) ă T ă
Tcond(CO2) then all elements except CO will be solid; CO will not be accreted as a solid but
in gaseous form instead. Thus, in the case where the planet is located at a position where
Tcond(CO) ă T ă Tcond(CO2), ’all’ will not include CO; when Tcond(CO2) ă T ă Tcond(H2O), ’all’
will not include CO nor CO2, and so forth.
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2.3 Gas accretion by planet
Gas is accreted in two ways. Firstly during pebble accretion where 10 % of the accreted
mass is in gaseous form. Secondly after the planet has reached pebble isolation mass, and
mass is only accreted as gas. The same method for calculating the mass of the accreted
species applies for both cases.
The accretion of gas is, just as accretion of solids, dependent on temperature. If the
temperature T ą TMgSiO3 then all species will be in gas form. If TMgSiO3 ą T ą Tcarbon grains
then MgSiO3 will condense out and the remaining species will be in gaseous form. For the
gas accretion the calculation has to be computed differently than for the solid accretion.
Since hydrogen accretes as well, (and helium, but this has been considered in the chemical
abundances, see table 2.1) 9Mgas for every time step will consist of the chemical species and
hydrogen. The abundances are given in terms of molecular hydrogen and the calculation
is then simplified to
MX, gas “ mX ¨ vX¨
µdisc
9Mgas. (2.2)
The mean molecular weight µ is defined as the mass per unit mole of material, or, the mean
mass of a particle in atomic mass unit. For the disc this is µdisc “ 2.3 g/mol (Madhusudhan
et al. 2016) and the Sun µSun “ 1.24 g/mol.
2.4 Comparison with Madhusudhan et al. (2016)
In order to make sure that the code written in this project works fine, we checked that the
work of Madhusudhan et al. (2016) can be reproduced by our code. In Madhusudhan et al.
(2016) the abundances [X/H2] in giant planets formed by pebble accretion is calculated.
The abundance is calculated both for the gaseous part of the planet and for the whole
planet where erosion of the core is assumed. Erosion of the core means that the chemical
species can be assumed to be evenly distributed within the planet.
The mass of the molecules in the planet is given as MX, core and MX, gas (described in section
2.6) which adds up to MX, planet. To calculate the abundance [X/H2] in gaseous form in
the planet, firstly MX, gas divided by the total mass of the planet, MPlanet. This gives the
fraction of X in the planet,
[X/H2]gas “
µdisc ¨ pMX,gas{MPlanetq
mX ¨ [X/H2] (2.3)
To calculate the [X/H2] abundance for the entire planet, assuming erosion of the core, the
same method is used as in eq. 2.3 but the entire mass of X in the planet, MX, planet, is used
instead,
[X/H2]planet “
µdisc ¨ pMX,planet{Mplanetq
mX ¨ [X/H2] . (2.4)
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Using a cold Jupiter from Madhusudhan et al. (2016) with r0 “ 21.50 AU, t0 “ 1.53 Myr
we get matching results, see table 2.3 and 2.4.
Table 2.3: Properties of planet from Madhusudhan et al. (2016) and our simulated planet.
Model Planet mass [MC] Gas mass [MC] Core mass [MC] rf [AU]
Madhusudhan et al. 330.5 321.0 9.853 2.94
Our model 330.4 320.5 9.884 2.97
Table 2.4: Abundances of planet from Madhusudhan et al. (2016) and our simulated
planet. Notice that the abundances differ from only considering the gas, or considering the
entire planet.
Model [O/H2]gas [C/H2]gas [C/O]gas [O/H2]planet [C/H2]planet [C/O]planet
Madhusudhan et al. 0.36 0.65 1.00 3.51 2.36 0.37
Our model 0.36 0.65 1.00 3.53 2.37 0.37
2.5 Increase in stellar mass
The star used in the disc-model is assumed to be Sun-like with mass of 1 Md. When the
star accretes mass from the disc its mass will increase above 1 Md, which diverges from
the model. This scenario is avoided by creating a subroutine in the code which increases
the stellar mass with every time step. Thanks to this, one can put a lower initial mass of
the star and add mass until the stellar mass reaches 1 Md.
The subroutine calculates the mass of the protoplanetary disc in every time step, from the
starting time to 3 Myr. The difference in mass between every timestep Mdiscptq´Mdiscpt`
∆tq is assumed to be the mass accreted onto the star.
The mass of the disc is calculated by integration of the surface density Σ over the entire
surface of the disc,
Mdisc “
ż 2pi
0
ż rmax
r0
rΣdrdφ “ 2pi
ż rmax
r0
rΣdr. (2.5)
The surface density changes over time and depends on the accretion rate 9M
log
9M
Md{yr “ ´8.00˘ 0.10´ p1.40˘ 0.29q log
t
106yr
. (2.6)
This correlation between the mass accretion rate and the stellar age was found by Hartmann
et al. (1998), based on observations. The relation gives that the accretion rate reduces over
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time. The surface density is related to the accretion rate as
Σ “ 9M
3piν
(2.7)
with ν being the viscosity given by eq. 1.3. When the mass flux 9M changes, the surface
density Σ changes as well, which alters the disc mass.
2.6 Change in stellar abundance
To calculate the new stellar abundance one needs to know how much mass of the different
elements C, O and Si, the planet takes away from the disc. These elements are bound into
molecules; the procedure for calculation of the mass of CO, CO2 etc, has been described
in section 2.2 and 2.3.
To get the mass of the elements, accreted by the planet, they need to be extracted from
the mass of the molecules where it is bound. Carbon, for example, is bound into CO, CO2
and carbon grains C; the fraction of C in CO is 12 (g/mol)/28 (g/mol) and 12 (g/mol)/44
(g/mol) in CO2. The calculation is done for both the core (solids) and the gas,
MC, core “ 12
28
MCO, core ` 12
44
MCO2, core `Mcarbon grains, core (2.8)
MC, gas “ 12
28
MCO, gas ` 12
44
MCO2, gas `Mcarbon grains, gas. (2.9)
To clarify, eq. 2.8 and eq. 2.9 gives the mass of carbon in the core and in gas respectively
for in the planet. Adding these gives the total amount of carbon in the planet, MC, planet “
MC, core `MC, gas.
The amount of an element X which the star accretes is calculated as the change of X in
the disc over its lifetime. The amount of X in the disc is calculated as
MX, discpt “ 0q “ [X/H2s ¨mX ¨Mdiscpt “ 0q
µdisc
(2.10)
MX, discpt “ 3 Myrq “ [X/H2s ¨mX ¨Mdiscpt “ 3 Myrq
µdisc
(2.11)
where Mdiscpt “ 3 Myrq and Mdiscpt “ 0q is given from the subroutine which calculates the
disc mass, described in section 2.5. We set the life-time of the disc to be 3 Myr, mentioned
in section 1.1. These will from now on be denoted as Mdisc,3 and Mdisc, 0.
The new stellar abundance, in comparison to the initial solar abundance is calculated
as
∆[X/H] “ log10
ˆ
MX, disc, 0 ´MX, disc, 3 ´MX, planet
Mdisc, 0 ´Mdisc, 3 ¨
µSun
mX
¨ 1
[X/H]
˙
, (2.12)
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unit in dex. If there is no planet in the disc then there is no X-mass taken away from the
disc and ∆[X/H] “ 0. Due to this, the value of µSun could be determined to 1.240300. If
the change in stellar abundance is negative, then the star is depleted in X.
2.7 Size of convective envelope
A very important thing to take into consideration is the size of the convective envelope
of the star. If the star is fully convective, then the change (if there is one) will not be as
easily observable as if the star would have a very small convective envelope. In Chambers
(2010) they add material of 4 MC into the Sun, mixed with convective envelope of 2.5 %
of the Sun’s mass. The corresponding abundance difference is around 0.04-0.05 dex with
a trend of Tcond. This is an observable change which has been reported in several studies
(e.g. Tucci Maia et al. (2014), Mele´ndez et al. (2009)).
For our model, three different envelope cases are assumed, depending on the mass accreted
by the star. The first case is a very small convective envelop, which means that the observed
abundance will be the accreted disc abundance. For this case, 0 % of the initial stellar
mass participates, which gives eq. 2.12.
The second case is where we assume that the convective envelope is double the mass of
the accreted material, i.e for an accretion of Γ Md the convective envelope is 2Γ Md. The
calculation of the change in abundance, eq. 2.12, is given by
∆[X/H] “ log10
ˆ
Γ ¨MX, star, 0 `MX, disc, 0 ´MX, disc, 3 ´MX, planet
Γ ¨Mstar, 0 `Mdisc, 0 ´Mdisc, 3
µSun
mX
1
[X/H]
˙
(2.13)
where MX, star, 0 is the mass of X in the star at the initial time t = 0. This is calculated as
(same routine as for eq.2.10 and eq.2.11),
MX, star, 0 “ Mstar, 0 ¨mX ¨ [X/H]
µSun
. (2.14)
where Γ is the fraction of stellar mass participating in the convective envelope. The third,
and last case, is the fully convective envelope already mentioned, where all material accreted
is is evenly mixed with the initial material of the star.
It is necessary to emphasis the influence that these different envelope cases and the starting
time of the planet t0 makes on the final result. The later t0 for the planet, the larger the
change in the first envelope case since the planet will alter the accreted material more.
The third envelope case takes away the effects of the disc mass and gives a direct change
in abundance solely dependent on masses of the chemical species in the planet.
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Results
Using the produced code, simulations of gas giants and super Earths are computed. The
simulations include a cold Jupiter, two hot Jupiters and two super Earths. By positioning
the hot Jupiters and the super Earths outside and within the water ice line, we investigate
how the positions might alter the stellar abundance. For the gas giants this means that
the cold Jupiter is a candidate for scattering. The first hot Jupiter migrates (staring
position at r ą rH2O), and the second hot Jupiter (r ă rH2O) forms in situ. The outcome
from the simulations gives indications of the impact of planet formation on the stellar
abundance. Growth tracks of the planets are plotted as well as the mass growth of the
chemical species.
We also take a closer look at the observations of the 16 Cygni binary system (Tucci Maia
et al. 2014) which opens up for discussion on the sensitivity of the parameters used in the
simulations, mainly the dust to pebble ratio and the α-viscosity.
3.1 Gas Giants
3.1.1 Cold Jupiter
The initial and final properties of the simulated cold Jupiter can be seen in table 3.1. The
core and gas masses in terms of the chemical species can be seen in table 3.2. In the growth
track of the simulated cold Jupiter, figure 3.1.1, one sees that the planet migrates from 30
AU and end up at roughly 2 AU, covering a large distance. At around 18 AU the pebble
isolation mass is reached and at around 14 AU rapid gas accretion starts.This giant could
work as a test subject for being a scattered hot Jupiter; a hot Jupiter which has not formed
in situ nor migrated to its final position.
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Table 3.1: Initial conditions and properties of cold Jupiter.
r0 [AU] rf [AU] t0 [Myr] Planet mass [MC] Core mass [MC] Gas mass [MC]
30 2.07 1.3 230 10 220
Table 3.2: Core- and gas masses in cold Jupiter.
COcore [MC] CO2core [MC] H2Ocore [MC] Ccore [MC] MgSiO3core [MC]
1.067 2.016 2.800 0.733 3.631
COgas [MC] CO2gas [MC] H2Ogas [MC] Cgas [MC] MgSiO3gas [MC]
0.798 0.000 0.000 0.000 0.000
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Figure 3.1.1: Growth track of cold Jupiter with the pebble isolation mass marked as a
solid line and the crossing of the CO ice line marked with a dashed line.
In figure 3.1.2 the growth of the chemical species over time can be seen. In the upper panel
we see the masses in the core. Here it is clear that the pebble isolation mass is reached
at around 2.6 Myr. The black dashed line indicate that the planet crosses the ice line of
CO. The temperature goes above 20 K, CO condensates and can not accrete as a solid any
more. This can be seen in the second panel and also in table 3.2 where the planet only has
CO in gaseous form. This means that the CO ice line is the only ice line which the planet
crosses during its formation time. In the lower panel the core and gas masses are added
together. The change in abundances in the star can be seen in table 3.3. The amount of
mass accreted from the disc is 0.02 Md, meaning that the size of the second convective
envelope is 4 % of the stellar mass.
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Figure 3.1.2: Chemical mass growth track of cold Jupiter. The black dashed line in the
upper panel marks the crossing of the CO ice line.
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Table 3.3: Change in stellar abundances due to cold Jupiter for different convective en-
velopes.
Envelope ∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H] [dex]
1. Small Conv. Env -0.1214 -0.0978 -0.1522
2. 4 % Conv. Env. -0.0564 -0.0461 -0.0694
3. Evenly mixed -0.0022 -0.0018 -0.0027
The changes in the abundances are quite similar, the largest observable change in the
stellar abundance is in [Si/H]. The ratio between ∆[Si/H] to ∆[O/H] is roughly 1.25. The
cold Jupiter has a core mass of 10 MC where more than a third of this mass is silicate,
table 3.2, explaining the large change in [Si/H].
3.1.2 Migrating hot Jupiter
In order to compare with the results of the cold Jupiter, two hot Jupiters are simulated.
The first hot Jupiter has r0 “ 5 AU and migrates inwards to rf “ 0.1 AU (table 3.4),
passing the water ice line as it migrates. The second hot Jupiter forms in situ at 0.2 AU
(table 3.7), within the water ice line. In order to simulate this planet, the migration in the
code is silenced.
Before reaching the pebble isolation mass the planet migrates some few AU outwards before
migrating inwards again. In figure 3.1.4 the mass growth of the chemical species over time
can be seen. Since the planet has accreted H2O both as a solid and in gaseous form, table
3.5, we know that it has crossed the water ice line.
Table 3.4: Initial values and properties of the migrating hot Jupiter.
r0 [AU] rf [AU] t0 [Myr] Planet mass [MC] Core mass [MC] Gas mass [MC]
5 0.01 0.5 417 8.5 408.5
Table 3.5: Core- and gas masses in migrating hot Jupiter.
COcore [MC] CO2core [MC] H2Ocore [MC] Ccore [MC] MgSiO3core [MC]
0.000 0.000 3.322 0.870 4.309
COgas [MC] CO2gas [MC] H2Ogas [MC] Cgas [MC] MgSiO3gas [MC]
1.491 0.509 0.640 0.119 0.106
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Figure 3.1.3: Growth track, migrating hot Jupiter.
The change in abundances in the star caused by the migrating hot Jupiter can be seen in
table 3.6. The amount of mass accreted from the disc is 0.054 Md, meaning that the size
of the convective envelope, for the second case, is 10.8 %.
Table 3.6: Change in stellar abundances due to migrating hot Jupiter.
Envelope ∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H] [dex]
1. Small Conv. Env -0.0650 -0.0536 -0.0830
2. 10.8 % Conv. Env. -0.0326 -0.0271 -0.0412
3. Evenly mixed -0.0033 -0.0027 -0.0041
This hot Jupiter passes the ice line of MgSiO3 seen in the middle and the lower panel
of figure 3.1.4, indicating that the disc has reached temperatures of 1500 K. Since the
cold Jupiter has t0 “ 1.5 Myr whilst the hot Jupiter has t0 “ 0.5 Myr, the change in
stellar abundance for smaller convective envelopes are larger for the cold Jupiter. Looking
at the third envelope case (evenly mixture) it is seen that this hot Jupiter depletes the
protoplanetary disc more of the heavy elements.
The core mass of the hot Jupiter is 8.5 MC, more than half of this is silicate, table 3.5,
explaining why the largest change in stellar abundance is for [Si/H]. The ratio between
∆[Si/H] to ∆[O/H], is roughly 1.27.
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Figure 3.1.4: Chemical mass growth track of migrating hot Jupiter, the MgSiO3 ice line
is crossed at roughly 8.6 Myr.
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3.1.3 In situ hot Jupiter
Migration is silenced while simulating this gas giant, meaning that it forms in situ. It is
placed within the water ice line, meaning that H2O only accretes in gaseous form, seen in
table 3.8. The mass of this hot Jupiter, 424 MC (table 3.7), is very similar to the mass of
the migrating hot Jupiter, 417 MC (table 3.4). Since this hot Jupiter forms in the inner
part of the disc where the aspect ratio is low, the core mass is only half as massive for this
hot Jupiter, 4.0 MC in comparison to 8.5 MC.
Table 3.7: Initial values and properties of the hot Jupiter formed in situ.
r0 [AU] rf [AU] t0 [Myr] Planet mass [MC] Core mass [MC] Gas mass [MC]
0.2 0.2 0.73 424 4.00 420
Table 3.8: Core- and gas masses in hot Jupiter formed in situ.
COcore [MC] CO2core [MC] H2Ocore [MC] Ccore [MC] MgSiO3core [MC]
0.000 0.000 0.000 0.000 4.000
COgas [MC] CO2gas [MC] H2Ogas [MC] Cgas [MC] MgSiO3gas [MC]
1.533 0.556 0.773 0.202 0.000
The change in abundances in the star caused by the in situ formed hot Jupiter can be seen
in table 3.9. The amount of mass accreted from the disc is very similar to that of the first
hot Jupiter; 0.052 Md, meaning that the size of the convective envelope is 10.4 % for the
second case.
Table 3.9: Change in stellar abundances due to hot Jupiter formed in situ.
Envelope ∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H] [dex]
1. Small Conv. Env -0.0525 -0.0460 -0.0800
2. 10.4 % Conv. Env. -0.0258 -0.0227 -0.0388
3. Evenly mixed -0.0027 -0.0032 -0.0039
Once more the largest change in abundance is for the silicate. The ratio between ∆[Si/H]
to ∆[O/H], is roughly 1.5, which is a larger ratio than for the cold- and migrating hot
Jupiter.
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Figure 3.1.5: Chemical mass growth track of hot Jupiter formed in situ.
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3.2 Super Earths
Two super Earths on different sides of the water ice line are simulated in order to see if
these affect the stellar abundance in different ways.
3.2.1 Super Earth outside the water ice line
The super Earth outside the water line is placed at a disc-temperature lower than 150 K,
and does not cross the water ice line. This means that water will only be accreted as a
solid, and not as a gas, table 3.11. As seen in figure 3.2.1, the planet migrate inwards and
ends up at 2.99 AU.
Table 3.10: Initial conditions and properties of super Earth placed outside the water ice
line.
r0 [AU] rf [AU] t0 [Myr] Planet mass [MC] Core mass [MC] Gas mass [MC]
1.00 2.99 2 4.63 2.36 2.27
Table 3.11: Core- and gas masses in super Earth, placed outside the water ice line.
COcore [MC] CO2core [MC] H2Ocore [MC] Ccore [MC] MgSiO3core [MC]
0.00 0.519 0.720 0.189 0.934
COgas [MC] CO2gas [MC] H2Ogas [MC] Cgas [MC] MgSiO3gas [MC]
8.30 ¨ 10´3 0.00 0.00 0.00 0.00
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Figure 3.2.1: Growth track of super Earth, placed outside water ice line.
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Figure 3.2.2: Chemical mass growth track of super Earth placed outside water ice line.
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The amount of mass accreted from the disc is 0.015 Md, giving a convective envelope of 3
% for the second envelope case, table 3.12.
Table 3.12: Change in stellar abundances due to super Earth, placed outside water ice
line.
Envelope ∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H] [dex]
1. Small Conv. Env -0.0806 -0.0596 -0.1077
2. 3 % Conv. Env. -0.0258 -0.0194 -0.0337
3. Evenly mixed -5.73 ¨10´4 -4.34 ¨10´4 -7.44 ¨10´4
The same trend as for the gas giants follow for this planet; similar change in abundances,
∆[C/H] being lower than ∆[O/H] and ∆[Si/H], with ∆[Si/H] being largest. The ratio
∆[Si/H]/∆[O/H] is 1.3 which is roughly the same as for the cold- and migrating hot
Jupiter. This is because even though the super Earth takes less heavy elements out of the
disc, the relative masses of the planet and the disc is similar to that of the hot Jupiter.
3.2.2 Super Earth within the water ice line
The super Earth placed within the water ice line is located at a disc-temperature higher
than the condensation temperature for water, Tcond(H2Oq “ 150 K. This means that water
will only be accreted as gas, and not in solid form, table 3.14. Its initial conditions and
final properties can be seen in table 3.13. The planet goes through outward migration,
figure 3.2.3 before turning back and ends up at 2.99 AU. It does never cross the water
ice line. The properties of both super Earths, table 3.13 and table 3.10 are very similar,
considering the masses and the final position of the planet.
Table 3.13: Initial conditions and properties of super Earth placed within the water ice
line.
r0 [AU] rf [AU] t0 [Myr] Planet mass [MC] Core mass [MC] Gas mass [MC]
1.00 2.98 2 4.89 2.48 2.41
Table 3.14: Core- and gas masses in super Earth, placed within the water ice line.
COcore [MC] CO2core [MC] H2Ocore [MC] Ccore [MC] MgSiO3core [MC]
0.00 0.00 0.00 0.416 2.06
COgas [MC] CO2gas [MC] H2Ogas [MC] Cgas [MC] MgSiO3gas [MC]
8.83 ¨10´3 1.17 ¨10´3 7.06 ¨10´4 0.00 0.00
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Figure 3.2.3: Growth track of super Earth, placed within the water ice line.
The amount of mass accreted from the disc is 0.015 Md, giving a convective envelope of
3 % for the second envelope case. Since the super Earth’s have the same t0 “ 2 Myr, the
accreted disc mass, and thus their convective envelope cases, are the same.
Table 3.15: Change in stellar abundances due to super Earth, placed within the water ice
line.
Envelope ∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H] [dex]
1. Small Conv. Env -0.0654 -0.0661 -0.2148
2. 3 % Conv. Env. -0.0212 -0.0214 -0.0619
3. Evenly mixed -4.73 ¨10´4 -4.78 ¨10´4 -0.0013
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Figure 3.2.4: Chemical mass growth track of super Earth placed within the water ice line.
Once more the largest change in stellar abundance is observed for [Si/H]. For the super
Earth that formed within the ice line, the silicate content is much higher compared to the
super Earth that formed outside. For the super Earth placed within, ∆[Si/H]/∆[O/H]
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is larger than 3. This is larger than for the super Earth outside the water ice line and
might thus allow to differentiate if an observed super Earth formed in the inner disc or
migrated/scattered there.
The change in abundance is strongly correlated to when in the disc the formation of the
planet starts, an example of this is seen by considering the hot Jupiter and the super
Earth placed within the water ice line. The migrating hot Jupiter has a silicate mass of
4.3 MC, giving for the small convective envelope ∆[Si/H] = -0.0830. The super Earth
has a silicate mass of 2.4 MC, giving for the small convective envelope ∆[Si/H] = -0.2148.
Solely considering these numbers might be confusing if one does not keep in mind that the
planets formation started at different times, t0 “ 0.5 Myr and t0 “ 2 Myr respectively. By
instead considering the third envelope case, with evenly mixture all through the star, the
change in abundance is only given in direct relation to the mass accreted. See section 2.7
for a deeper discussion about this.
3.3 Comparison to observations
The 16 Cygni system is a solar-twin binary, meaning that both components of the binary
are solar like. The B component has been found to host a planet of minimum 1.5 Jupiter
masses (476.7 Earth masses) at a semi major axis of 1.68 AU (Tucci Maia et al. 2014).
By obtaining high resolution spectra of the binary, Tucci Maia et al. (2014) have observed
differences in the chemical abundance. The A component has a metallicity of [Fe/H] =
0.101 and the B component [Fe/H] = 0.054 giving a difference of 0.047 dex.
Tucci Maia et al. (2014) observed that 16 Cygni B have a break in condensation temper-
ature between volatiles and refractories, indicating that the rocky core was not formed in
the inner disc region. Rather it is believed that the core formed at a large distance and
migrated inwards. Due to this, two different cases for the planet are investigated, a) the
planet forms at some initial position and migrates to its final position 1.68 AU during the
lifetime of the disc b) the planet reaches 1.68 AU through scattering. The second case, b),
means that the planet is formed and reaches 1.5 Jupiter masses during the lifetime of the
disc, but ends up further out than 1.68 AU. The planet can only reach 1.68 AU through
scattering by dynamical interactions, such as a third star. A possible component to the
primary A star, has been reported (Ramı´rez et al. 2011), making it a possible scenario. The
planet also has a high observed eccentricity of 0.63 (Mazeh et al. 1997); high eccentricity
in planets could be a result of scattering.
In order to reproduce the data, the protoplanetary disc and the planet needs to be repro-
duced. The abundances of the A component is used as the reference star. The protoplane-
tary disc model is adjusted to match the metallicity and abundances of 16 Cygni A, since
these are not completely solar. The mass abundances for 16 Cygni A, adopted from the
observation of Tucci Maia et al. (2014), are {O/H} = 6.17 ¨ 10´4; {C/H} = 3.00 ¨ 10´4;
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{Si/H} = 4.19 ¨ 10´5 and the metallicity is 0.101 dex.
To reproduce the planet it is necessary to know where and when in the disc the planet
formation started. As seen in figure 2.0.1, these parameters effects the final outcome of
the planet a lot. So called r0-t0 maps are produced to obtain initial conditions for possible
planets. The disc structure depends highly on the ratio of metallicity in dust and pebbles
in the disc as well as the α-viscosity. Since these are unknown for the 16 Cygni system,
different values are investigated.
3.3.1 Dust to pebble ratio
The solar metallicity in dust is assumed to be 0.5 %. 16 Cygni A has an observed metallicity
of 0.101 dex (Sun as reference) giving a dust metallicity of 0.63 % for 16 Cygni A. The
protoplanetary disc, and in turn, the r0-t0 map, depends highly on the ratio of metals in
the dust grains and in the pebbles. Earlier in this work (for simulations of gas giants and
super Earths) a 1:2 ratio of metallicity in dust and pebbles has been adopted from Bitsch
et al. (2015b). We investigate other ratios as well for the 16 Cygni system, which results
in different features in the r0-t0-maps. By plotting the line of 1.68 AU and the mass of
476 MC and looking for where they cross, one obtain possible initial r0-t0 values for the 16
Cygni Bb planet, see figure 3.3.2 and table 3.16.
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Figure 3.3.2: The figures show the possible r0-t0 maps of a protoplanetary disc with
the same metallicity as 16 Cygni A, 0.63 %. The pebble metallicity varies as a ratio of
the dust metallicity. Planets below the dark blue line have reached pebble isolation mass.
Planets below the white line have more massive envelopes than cores, meaning that they
have reached runaway gas accretion. The colour grid gives the final mass of the planet.
The turquoise line indicates rf = 1.68 AU and the purple line indicates the mass 476 MC,
the crossing of these gives the initial conditions to make the planet by migration.
Table 3.16: Planet properties of observed 16 Cygni Bb and simulated reproductions, with
different dust to pebble metallicity ratios.
Planet mass [MC] rf [AU] r0 [AU] t0 [Myr]
16 Cygni Bb 476.7 1.68 - -
1:1.7 dust to pebble ratio (Z = 1.017 %) 476.5 1.75 47.4 0.556
1:2 dust to pebble ratio (Z = 1.260 %) 459.4 1.75 41.2 1.14
1:2.5 dust to pebble ratio (Z = 1.575 %) 464.8 1.72 36.6 1.53
1:3 dust to pebble ratio (Z = 1.890 %) a) 466.0 1.72 33.9 1.75
1:3 dust to pebble ratio (Z = 1.890 %) b) 475.0 3.06 48.0 1.53
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Table 3.17: Masses from simulations, with different dust to pebble metallicity ratios.
Dust to pebble ratio COcore [MC] CO2core [MC] H2Ocore [MC] Ccore [MC] MgSiO3core [MC]
1:1.7 ratio 4.335 1.666 3.137 0.6058 3.541
1:2 ratio 4.287 1.714 3.228 0.6234 3.644
1:2.5 ratio 4.250 1.757 3.309 0.6389 3.724
1:3 ratio a) 4.164 1.758 3.311 0.6393 3.737
1:3 ratio b) 5.631 2.042 3.845 0.7435 4.340
Dust to pebble ratio COgas [MC] CO2gas [MC] H2Ogas [MC] Cgas [MC] MgSiO3gas [MC]
1:1.7 ratio 1.872 0.02061 0.000 0.000 0.000
1:2 ratio 1.802 0.02224 0.000 0.000 0.000
1:2.5 ratio 1.823 0.02958 0.000 0.000 0.000
1:3 ratio a) 1.831 0.02958 0.000 0.000 0.000
1:3 ratio b) 1.710 0.000 0.000 0.000 0.000
Table 3.18: Change in stellar abundances in 16 Cygni B and in simulated cases, using
16 Cygni A as reference star. Simulations are done with different dust to pebble ratios.
Planets (a) - (d) go through migration whilst planet (e) goes through scattering.
(a) Simulations with 1:1.7 dust to pebble ratio, mass accretion of 0.078 Md, meaning that the
convective envelope for the second envelope case is 0.156 Md.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.0570 -0.0593 -0.0548
2. 15.6 % Conv. Env. -0.0284 -0.0296 -0.0273
3. Evenly mixed -0.0044 -0.0046 -0.0043
(b) Simulations with 1:2 ratio, mass accretion of 0.025 Md, meaning that the convective envelope
for the second envelope case is 0.05 Md.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.1068 -0.1137 -0.1003
2. 5 % Conv. Env. -0.0512 -0.0543 -0.0482
3. Evenly mixed -0.0025 -0.0026 -0.0023
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(c) Simulations with 1:2.5 ratio, mass accretion of 0.015 Md, meaning that the convective enve-
lope for the second envelope case is 0.03 Md.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.1650 -0.1770 -0.1537
2. 3 % Conv. Env. -0.0761 -0.0810 -0.0714
3. Evenly mixed -0.0021 -0.0023 -0.0020
(d) Simulations with 1:3 ratio, mass accretion of 0.011 Md, meaning that the convective envelope
for the second envelope case is 0.022 Md.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.2153 -0.2320 -0.1997
2. 2.2 % Conv. Env. -0.0974 -0.1039 -0.0912
3. Evenly mixed -0.0020 -0.0021 -0.0019
(e) Simulations with 1:3 ratio, mass accretion of 0.011 Md, meaning that the convective envelope
for the second envelope case is 0.022 Md. This planet is assumed to be scattered to 1.68 AU.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.2414 -0.2317 -0.2281
2. 3 % Conv. Env. -0.1063 -0.1026 -0.1013
3. Evenly mixed -0.0029 -0.0028 -0.0028
The offset from the r0-t0 map and the output from the simulation comes from the difference
in the stellar mass. In the r0-t0 map the increase of stellar mass is not considered, meaning
that the maps are simulated with a star of constant mass 1 Md. The masses of the species
in the core and in the gas for the different simulated planets can be seen in table 3.17.
Even though they appear to be quite similar, looking at the change in stellar abundance,
table 3.18, one sees that the results differ a lot. This is explained by the different values
of t0 which alters the disc mass, since the mass flux 9M is dependent on time.
We see from table 3.18 and table 3.16 the strong correlation between the accreted disc mass
and the initial formation time of the planet t0. Due to the increased pebble metallicity,
the core of the planet will reach pebble isolation mass faster. As a result, to reach the
set mass of 476 MC, the planet needs to form at a later stage in the discs lifetime. As
mentioned this results into less mass being accreted by the star. Due to this, the change
in abundance is much larger for the first and second envelope cases, since a planet with
similar mass is created independently on the disc mass. Looking at the third envelope case
for the different pebble metallicities, the trend is the other way around: decreasing change
in abundance for increased pebble metallicity.
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Looking more in detail, comparing the results from observations of the 16 Cygni B star, the
results from the simulations differ a bit. From observations the largest change is found in
∆[Si/H], second largest in ∆[O/H] and smallest for ∆[C/H]. Independently on the planet
created (i.e independently on r0 and t0) the outcome from the simulations follows as the
change in ∆[C/H] is the largest, second largest in ∆[O/H] and smallest for ∆[Si/H]. Despite
that, the values with a 1:2 ratio, the second envelope case, table 3.18b, are comparable
with observed abundance differences.
Comparing the results for the migrated and the scattered planet, table 3.18d and table 3.18e
respectively, some differences can be seen. It is also worth to notice that the scattered b)
planet does not have any CO2 in gaseous form its envelope, meaning that it is further out
than the CO2 condensation temperature. In general the core of the scattered planet is
more metal-rich in all of the chemical species, as it formed further out where reaching the
pebble isolation mass takes longer time. This explains the overall higher changes in the
stellar abundance.
3.3.2 α-viscosity
The mass of the disc is highly dependent on the value of the α-viscosity, see eq. 1.2. The
higher the value of α, the lower the surface density and the lighter the disc. Using the Ida
et al.-disc model the value of α can be changed, resulting in different r0-t0maps than seen
for the Bitsch et al.-model, see figure 3.19. The same procedure as for section 3.3.1 is used
in the section.
Table 3.19: Planet properties of observed 16 Cygni B and simulated reproductions, sim-
ulated with different α-values.
α Planet mass [MC] rf [AU] r0 [AU] t0 [Myr]
Tucci Maia et al. (2014) 476.7 1.68 - -
0.001 a) 475.2 1.74 15.3 2.07
0.001 b) 464.0 9.83 45.0 1.52
0.002 457.1 1.79 26.3 1.49
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Table 3.20: Core- and gas masses in 16 Cygni Bb with different α.
α COcore [MC] CO2core [MC] H2Ocore [MC] Ccore [MC] MgSiO3core [MC]
0.001 a) 0.000 3.515 4.882 1.278 6.331
0.001 b) 0.000 5.882 8.170 2.139 10.60
0.002 0.000 4.471 6.210 1.626 8.053
α COgas [MC] CO2gas [MC] H2Ogas [MC] Cgas [MC] MgSiO3gas [MC]
0.001 a) 1.677 0.590 0.000 0.000 0.000
0.001 b) 1.596 0.000 0.000 0.000 0.000
0.002 1.595 0.454 0.000 0.000 0.000
Table 3.21: Change in stellar abundances in 16 Cygni B and in simulated cases, using
16 Cygni A as reference star. In the simulations the value of α is changed. Planets (a)
and (c) go through migration whilst planet (b) goes through scattering.
(a) Simulations with α “ 0.001, mass accretion of 0.0250 Md, meaning that the convective
envelope for the second envelope case is 0.050 Md.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.1502 -0.1086 -0.2011
2. 5 % Conv. Env. -0.0695 -0.0515 -0.0901
3. Evenly mixed -0.0033 -0.0025 -0.0041
(b) Simulations with α = 0.001, mass accretion of 0.056 Md, meaning that the convective en-
velope for the second envelope case is 0.113 Md. The planet is assumed to scattered to 1.68
AU.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.1107 -0.0798 -0.1518
2. 6 % Conv. Env. -0.0530 -0.0389 -0.0709
3. Evenly mixed -0.0058 -0.0043 -0.0076
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(c) Simulations with α = 0.002, mass accretion of 0.030 Md, meaning that the convective envelope
for the second envelope case is 0.060 Md.
∆[O/H] [dex] ∆[C/H] [dex] ∆[Si/H][dex]
Tucci Maia et al. (2014) -0.042 ˘ 0.011 -0.030 ˘ 0.016 -0.044 ˘ 0.004
1. Small Conv. Env -0.1263 -0.0992 -0.1648
2. 6 % Conv. Env. -0.0595 -0.0475 -0.0759
3. Evenly mixed -0.0034 -0.0028 -0.0043
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Figure 3.3.3: The lines in the figure corresponds to the same lines as described in figure
3.3.2. The metallicity is Z “ 1.00 % for all, the value of α is changed.
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Figure 3.3.4: Chemical mass growth track of simulated 16 Cygni Bb, 1:2 ratio and
α “0.0054
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From figure 3.3.3 the decrease of disc mass with increased α is easily noticed with the
decreased amount of gas giants. As the disc becomes lighter, i.e the surface density goes
down, the time scale for pebble accretion goes up. The time to reach the pebble isolation
mass increases, and the cores for massive planets will have a harder time to form during
the lifetime of the disc (such as the 476 MC of interest). Changing the value of α does
change the outcome, see table 3.21a and 3.21c, where the α “ 0.001 case alters the stellar
abundances most.
Comparing the migrating and the scattered planet, table 3.21a and table 3.21b, the mi-
grating planet alters the stellar abundance most but the scattered planet seems to fit the
observations best. In overall, the planet formed from a disc with 1:2 ratio, table 3.18b,
seems to match the observations the best; ∆[O/H] and ∆[Si/H] are within the error bars,
∆[C/H] misses the value within the error bar with 0.008 dex. These results indicate that
16 Cygni Bb could have formed long out in the disc and scattered into its current posi-
tion.
For all earlier results we have seen a trend with the change in ∆[Si/H] being largest, second
∆[O/H] and lowest for ∆[C/H]. This is not the case for the 1:2 ratio mentioned above,
where ∆[Si/H] has the lowest value and ∆[C/H] the highest. In figure 3.3.4 the chemical
growth tracks are plotted for the 1:2, α “ 0.0054 case where we see that CO is the most
abundant chemical species in this planet, rather than MgSiO3 which was most abundant
for the gas giants. This is most probably explained by the used abundance mass ratios not
being stellar any more but adjusted in order to use star A as the reference star.
Comparing figure 3.3.3c which has corresponding properties as figure 3.18b, the maps looks
very different, due to the differences in disc models, besides the metallicity and the value of
α. This gives a good picture on the sensitivity of the gradients of the disc parameters.
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Discussion
There are some limitations and assumptions to our method which effects the results. Firstly
the general assumption which lays the foundation for this project is that the binaries with
observed differences in composition are formed together from the same gas cloud. This
assumption means that we neglect the possibility of binary formation through captur-
ing.
Secondly, there are a lot of sensitive parameters defining the environment in a protoplan-
etary disc. The properties of the disc model will alter the result a lot, which we saw by
using the Bitsch et al.-model and the Ida et al.-model. In section 3.3.1 the dependence on
the dust to pebble ratio on the protoplanetary disc was investigated more closely. In figure
3.3.2 its seen that the more pebble-rich the disc is, the more prone to massive gas giant
formation. A gas giant with its massive envelope is more likely to accrete a lot of volatiles,
such as carbon and oxygen. Silicon, which is bound into a refractory in the model used in
this project, will end up in the core of planets. The core masses in the simulated cold and
hot Jupiter, table 3.1 and table 3.4, are 10 MC and 8.5 MC. These cores, which are rather
massive, can contribute to a depletion of silicon in the star. This can be seen in table 3.3
and table 3.6, where ∆[Si/H] is the largest change in abundance for both the cold and the
hot Jupiter, independent on the size of the envelope. In Chambers (2010) it was shown,
assuming a convective envelope of 2.5 % for the Sun, that the Sun’s convective envelope
is depleted in 4 MC of so called ’rock forming elements’ (mainly refractories, magnesium
and oxygen).
Thirdly, Another sensitive parameter for the protoplanetary disc is the α-viscosity, inves-
tigated in section 3.3.2. When the value of α goes up, the surface density Σg goes down,
meaning that the mass of the disc goes down as well, seen in eq. 1.2. Seen in section 3.3.2,
it was very hard to produce any planets of interest with the Ida et al. (2016)-disc model
for large values of α.
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Forth, the sensitivity of the convective envelope of the star is a limitation, mainly for
reproducing observations, but also in order to get a better picture on how much change in
stellar composition planet formation can contribute to. In section 3.3 we were partly able
to reproduce the data from Tucci Maia et al. (2014). Even though the planet has depleted
a fixed amount of refractories and volatiles in the star, the observed stellar abundance is
highly dependent on the convective envelope and from which stellar mass the depletion is
’drawn’ from.
Since the orbit of 16 Cygni Bb is observed to be very eccentric, it is very likely that the
planet has been scattered. The simulated planets in this project have an eccentricity of 0,
meaning that they are on perfectly circular orbits and scattering is not taken into account.
The simulations of a planet which does not end up at 1.68 AU (the observed position of
16 Cygni Bb) but is assumed to be scattered to 1.68 AU, gives more promising results
than the migrating planets. Though, we neglect the actual formation of a possible third
object.
The mass of the planet, 1.5 Jupiter masses (Tucci Maia et al. 2014), is the minimum mass
observed since the planet was detected by the radial velocity method. This minimum
mass is only the correct mass if the planet orbits the star in a horizontal plane, seen from
the Earth. The planet is more likely to be in a tilted plane because of its eccentricity,
meaning that it is more massive. A more massive planet would have approximately the
same core mass, but a heavier gas envelope, which should not alter the stellar abundance
that much.
When the planet is formed and becomes massive enough to open up a gap in the disc, the
disc mass found outside of the planet-gap will not entirely be accreted onto the star. This
is not taken into account; all material in the disc not accreted by the planet is accreted by
the star. If this was taken into consideration instead, then a smaller amount of the disc
would be accreted, though the smaller mass would have been effected more in composition
by the planet. The outcome in abundance depend highly on the size of the convective
envelope, but in general a larger change in abundance would be observed (for envelope
case one and two).
Lastly, the result will depend a lot on the chemical model. The chemical model used for
this project, table 2.2, includes very few chemical species. This restriction is a consequence
of the complexity behind the chemistry in the disc, meaning that there is not a yet well
known model for the volume mixing ratios of the species in the disc. The mass of the
core and gas will solely consists of hydrogen, helium, oxygen, carbon and silicon. If other
chemical species would have been included as well, the amount of oxygen, carbon and
silicon in the disc would naturally have decreased and the change in stellar abundance
would have been smaller for all elements included. As a consequence, the differences in
abundances obtained for elements used in the model acts as a upper limit for how large
differences one will be able to observe.
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Conclusions
This work is concluded by answering the initial question ’Can planet formation explain the
observed differences in the chemical composition of binary stars?’. Yes, very likely. Though
it is not likely to be the only explanation, since, as mentioned earlier, the differences can
solely be a case of star capture, but it is truly a possible explanation. By considering
our own simulated planets, cold- and hot Jupiters and super Earths, we get measurable
changes in the stellar abundance (for convective envelopes where the envelope mass is twice
the accreted mass).
The simulations of the gas giants and the super Earths gave some hints on how differences
in stellar abundance in binaries can be drawn for the formation of a planet. We observe
a stronger trend for super Earths than for the giants, where ∆[Si/H]/∆[O/H] ě 3. For
the hot Jupiter formed in situ this ratio is 1.5, which is not as clear as the trend for super
Earths.
By trying to reproduce the observed change in stellar abundances in 16 Cygni B we can
say that the observed changes are most likely to originate from its planet 16 Cygni Bb.
The values can be reproduced within the errors for the simulated planet created in a disc
with a 1:2 dust to pebble ratio 3.18b. By considering scattering for the 1:3 dust to pebble
ratio and α = 0.001, it is indicated that 16 Cygni Bb could have been scattered into its
current position.
We can also conclude that the disc model and its parameters effect the final outcome a
lot. Planet formation, chemical models and protoplaneraty disc modeling are very sensitive
subjects to touch upon.
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5.1 Future work
If more time was given for this project, there are several thing which could have been
investigated further. In general, working on the disc model, improving the values of the
disc parameters, such as the metallicity and α. Using another chemical model would most
likely alter the results a lot, possibly give higher values for ∆[C/H], making it interesting
to investigate.
If more time was given, more binary stars with observed difference in chemical composition
could be investigated and possibly reproduced, such as Ramı´rez et al. (2015), Teske et al.
(2016a) and Teske et al. (2016b). The work on reproducing more binary system could help
with the work on chemical models and protoplanetary disc models.
Further more one could investigate more closely how different planets alter the chemical
abundance, which was done briefly in this project with the gas giants and the super Earths.
It could be possible to investigate how migration over ice lines, or formation in situ, effects
the composition of the star. From this one could possibly work out, from the relation be-
tween changes in stellar abundances for different elements, where the planet was originally
formed.
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